For the new style hot rolling coiler which adopt AC asynchronous motor as the driving force and with using the algorithm based on differential geometry design nonlinear controller, precise coiling tension control in the rolling process of strip steel is achieved. In this paper, under the rotating orthogonal coordinate system, the fifth-order nonlinear motor model is selected as the controlled plant. By multi-input multioutput (MIMO) exact feedback linearization (EFL) algorithm, the nonlinear model is transformed to a linear one. In terms of small-gain theorem, it is the first to prove that the nonlinear coiler engine that contains the controller has characteristics of input-to-state stability. Experimental results show that the algorithm can be used for high order tracking control system with time-varying parameters. Even without the traditional flux orientation calculation, the output signals are decoupled. With this controller, the tension deviation is restricted to less than 3% and average rotational speed bias was decreased from 0.5% to 0.1% that ensure high-quality plate cut and surface of strip products.
Introduction
Constant tension is critical to uniform product thickness and smooth surface in rolling coiler. In the process of coiling, too big deviation of tension can directly lead to wrong layer, tower, loose volume, bowl volume and so forth. Through the adoption of effective control method, to improve quality of production is always the key point also the difficulty of coiling process. Because, in the process of the coiling strip, coil's diameter changed randomly, this will cause the winding speed of the coiler to change unexpectedly. In order to make the rotor speed to coincide with winding speed and the rolling tension of steel strip to keep constant, the speed of the coiler should be adjustable at any time, and speed range should be changed to adapt to the changes in coil diameter. In nearly decade, due to the improvement of hydraulic drive system and the application of advanced power electronics inverter technology, more and more AC (alternating current) motor was used as the main power of equipment coiler. High maintenance cost and complex vector control system for AC synchronous motor were compared to the complex structure. Asynchronous motor structure is relatively simple and easy to be maintained and developed. So in many giant steel mills, more asynchronous motor is implemented in technological upgrading projects in recent years [1] . Consideration of the control mode with a constant ratio of voltage frequency in general inverter and traditional regulation system in AC asynchronous motor is difficult to realize the coiler constant tension control. In actual system, high-speed PLC programming algorithm with the nonlinear proportional integral differential (PID) control is often adopted [2] .
AC asynchronous motor contains strong coupling and high-nonlinearity factors. For the purpose of implementing a wide range precise control of the motor in the electromechanical energy conversion process, common technologies are the vector control and direct torque control. However, nonlinear control theories have not been unified. Specifically for the plants that are expressed as high order affine or nonaffine nonlinear differential equation set, the stability analysis of solving algorithm is still a hot and difficult topic which has been widely concerned. Current mainstream subjects 2 Discrete Dynamics in Nature and Society about the advanced nonlinear control theorem include the passive theory, the inverse system method, the backstep approach, feedback linearization method, and active disturbance rejection control technology [3] . In the study of exact feedback linearization (EFL) for AC motor drive system, the applications in permanent magnet synchronous motor are relatively mature [4] [5] [6] [7] . For asynchronous motor feedback exact linearization, especially for high order linearization problem of affine nonlinear systems, less detail theoretical derivation is found in the literature, for instance, the research on static two-phase coordinates of five orders linear affine nonlinear system [8, 9] . Under the rotating coordinate system, the reduced order induction motor model with accurate linearization control is discussed [10, 11] . But the problem of the stability analysis of an interconnected system that inferred from the theory of EFL controller has not been considered and solved yet.
This paper just chooses the classical five-order induction motor system under rotating orthogonal coordinates as the controlled plant. High order tracking controller design method of affine nonlinear system is specified. Combined with small gain theory, the problem of the stability of an interconnected high order system that inferred from the theory of EFL controller is proposed. It is proved that the nonlinear control law for Brunovsky normalized form which refers to the EFL algorithm can stabilize the overall system. This application has not been considered yet in previous literatures. Before 90s in 20th century, besides the Lyapunov method, the input to state stability (ISS) approach was a feasible tool to analyze and design the stability of complex control systems. And input to output practical stability (IOpS) as a concept was introduced by Sontag in 1989 [12] . Michel and Miller initially analyzed time-varying nonlinear interconnected system. And the small gain theory as the mathematical basis of the ISS method is defined much earlier in 1977 [13] . By the end of the 20th century, validity of small-gain approach in the ISS framework on the occasion of two interconnected subsystems was proven in Jiang et al. 's research, which stated that the general interconnection of two IOpS systems is still an IOpS system [14] . It was demonstrated that global asymptotic stability can be ensured by a nonlinear combination of partial-state feedback [15] . Based on the small gain theory and the thought of quantized nonlinear computation, it is proposed that an interconnected system is decomposed into two parts and then, respectively, proves their stability in tandem [16] [17] [18] . One part was the forward control channel structure, and the other part of homeomorphism mapping was under the new control law derived from linear feedback channel. Finally, the EFL controller of affine nonlinear systems designed can be proved to have ISS characteristics [19] . In addition, to research this complex interconnected system, some high efficient dynamic simulation approaches such as transient molecular dynamics technique have been brought in to analyze different direction currents in different modes [20, 21] . And the advanced academic ideas of adaptive particle merging/splitting and multiple/particle fluid are reasonably practical to simulate interconnected systems [22, 23] . Experimental results show that the method not only realizes the constant tension control but also makes the nonlinear system dynamic characteristics steady and fast. When the load of asynchronous motor has changed during a wide range, the control law based on the differential geometry method can guarantee the stable operation of the affine nonlinear systems, in which internal mutual coupling dynamic systems are included.
Dynamic Control Model of Asynchronous Motor in Coiler
This indirect coiler tension control method makes full use of the armature current of the motor which is directly proportional to coil tension that is just proportional to the diameter of coiling block. So we adopted the real-time measurement of the size of coil diameter as feedback signal, by controlling the motor armature current and excitation flux; a constant indirect tension control can be achieved. In the diagram of working process of hot rolling coiler, as is shown in Figure 1 , in the process of coiling, the model of plate strip tension is established according to the coiling machine mechanical structure and transmission characteristics [24] . In Figure 1 , is rolling tension, is the motor load torque, is speed of the horizontal motion of the strip steel, is rotating speed of the rolling drum via slow gear box, is the output angular velocity of motor, is width of plate strip, is a coil diameter, and total motor inertia, = + , where the inertia of the rotor, = 1 + 2 + 3 , presents rotational inertia of the drum, including 1 inertia of scrolls, 2 inertia of coil steel, and 3 inertia of gears.
In the process of coiling, coil diameter changed every moment. In order to keep a good shape, requirement for moving strip steel is to keep tension constant of coiling in horizontal direction. The motor's multiple parameters must follow the change of roll diameter and make dynamic adjustment real time. For a certain type of plate strip product, Discrete Dynamics in Nature and Society 3 torque and coiler diameter have the following certain relationship [25] :
In formula (1) , is the torque attached to the motor shaft, is instantaneous coil diameter, is the tension under plate strip coiling, and is reduction ratio of winding roll.
is electromagnetic torque produced by the winding motor, and excitation flux Φ and the armature current have the following relationship:
In formula (2) , is constant of winding motor, which is associated with motor structure. Φ is excitation flux of winding. is current in armature winding.
For three-phase asynchronous motor as main drive of coiler, the dynamic state space model contains flux equations, voltage equations, torque equation, and the equation of motion. There is the following hypothesis.
(a) Three-phase winding is considered as symmetrical.
Ignore the space harmonic and the magnetomotive force distribution in air gap according to the sine law.
(b) Ignore the saturation in magnetic circuit. The winding self-inductance and mutual inductance are constant.
(c) Ignore the power loss in iron core.
(d) In the winding resistance, the little influence from changes of frequency and temperature is regardless.
When the power of AC asynchronous motor is supplied by PWM drive circuit and the inverter, its control input is stator voltage in the three-phase winding. Through 3/2 transformation and rotation transformation, the voltage equations of stator and rotor were changed to arbitrary rotation coordinate system. The dynamic mathematical model of asynchronous motor is deduced. The system state space variable is
The system input variable is
State space equation of AC asynchronous motor system is
And the system output function is
In formula (5), , , , , , represent the flux linkage, the input resistance, current, flux, voltage, inductance, and mutual inductance, respectively. The characters " " and " " note two-phase rotating coordinates as -axis and -axis. " " and " , " respectively, express on behalf of stator and rotor. Respectively, , , , 1 , and is the inertia of the rotor, number of poles, the angular velocity of the mechanical rotor, the rotating angular velocity of coordinate system, and the output mechanical torque. The rotor time constant is = / ; magnetic flux leakage coefficient of motor is = 1 − 2 / :
Electromagnetic torque output is
Consider that 1 and are physical quantities that can be measurable real time, so they can be treated as known parameters. Then we can reduce dimension of the input vector.
Exact Feedback Linearization Algorithm and Regulator Design
To facilitate the theoretical derivation, simplify the asynchronous motor affine nonlinear system model described by formulas (5) and (6) asẋ
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and
, and = 1/ . Design controller of the MIMO nonlinear system based on EFL algorithm for affine nonlinear system is divided into six steps below.
Step 1. Obtain the Child relation degree of the output function in terms of the state function. By model of formula (9), we get
When 5 ̸ = 3 or 4 ̸ = 2 , Lie derivatives of ℎ 1 ( ) relative to the inputs are not all 0, so 1 = + 1 = 2.
Similarly,
When 2 ̸ = 0 or 3 ̸ = 0, Lie derivatives of ℎ 2 ( ) relative to the inputs are not all 0, so 2 = 1.
In summary, when ̸ = 0 and
is nonsingular matrix, and we get the relation degree set of original system: = { 1 , 2 } = {2, 1}. In this case, < ; therefore, the system should be further investigated whether the exact linearization exists.
Theorem 1 (see [10] ). For MIMO affine nonlinear systemẋ
It could be exact linearized as if the system can meet the following two conditions:
(
] is nonsingular in definition domain;
(2) in groups of sets for each vector field,
. . .
Every vector field in these groups of sets must be involutory. Consider the system. The order = 5, the number of control inputs = 2. As 1 ≥ 2 ≥ 3 = 2, ∑ =1 = , choose indicators 1 = = 2, 2 = 2, 3 = 1; that is, = 3. According to Theorem 1, constitute vector field sets:
By calculating, 1 ⋅ ⋅ ⋅ 5 are all involutory. Now to examine whether matrix D is nonsingular,
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After elementary transformation: D × → I 5 , D × is of full rank. According to Theorem 1, the original affine nonlinear system could be exact linearized.
Step 2. Recursive calculation of the linear vector field. ∈ ( ), = 1, . . . , . Consider as simple as possible. And then it can be chosen as
According to function,
Set
Then, we get
Step 3. Solve the mapvping between different coordinate systems.
Theorem 2 (Frobenius theorem [26] ). Let vector field 1 ( ),
( ) ⋅ ⋅ ⋅ ( ) be already known. Dimension of is . According to the function ℎ( ), partial differential equations are defined in space as
( ℎ( )/ )[ 1 ( ) 2 ( ) ⋅ ⋅ ⋅ ( )] = 0, < . At the point = 0 ,
If and only if the rank of
[ 1 ( ) 2 ( ) ⋅ ⋅ ⋅ ( )[ , ]] at = 0 is still ,
the matrix is augmented matrix including [ , ] the Lie bracket of any twocolumn vector of matrix Y. There must be ( -) scalar function
ℎ 1 ( ), ℎ 2 ( ), . . . , ℎ -( ) defined in field of 0 ,
which is solution of the partial differential equations system. And the rank of Jacobian matrix
By the integral curve obtained in the vector field 1 ⋅ ⋅ ⋅ , the relationship mapping is deduced in state space R that is expressed as a new coordinate "w" from the original coordinate x: (21), we get the required mapping x = F(w):
Get the inverse mapping of formula (22) which is
Step 4. Calculate the induced mapping. Based on the space mapping above, the induced mapping from the original system f(x) is obtained as F −1 * (x) = J F −1 f(x) and then put x = F(w) in the mapping relationship, and note (0) ( ).
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For achieving the last transformation of state feedback, define medium transformation function which is R , = 1, . . . , − 1,
where
By (0) ( ) and formula (24), via recursion relation of (25), we have
Similarly, we get R −1 . As = 3, R 2 is the coordinate transformation from space to space , which is what we acquired. Define composite transformation
. Under this composite transformation, vector field transformation of the original system isf(x) andg(x); that is,
Step 5. Obtain the Brunovsky normalized form and nonlinear control law. The transformation of calculated coordinates above is denoted by z =f(x):
As it is shown in formula (9), the original affine nonlinear system can be transformed into Brunovsky normalized form:
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For the normalized form, control law k can be obtained by inverse mapping x =f −1 (z) from original nonlinear system state feedback control law:
Step 6. Design optimal regulator for the linearized system. After linearization of the system, nonlinear factors have been mapped to the input signal . For inspecting the external dynamic input-to-output performance of the system, this paper completes the controller, at the following two aspects.
(1) Design current tracking controller of the Feedback channel. The purpose of output signals of the system has the ability to more quickly meet the set reference trajectory. Seeing reference trajectory tracking problem as a separate part of the second-order integrator z ref requires that poles of the stable linear system meet Hurwitz criterion. Input k is calculated as
where coefficient satisfied Hurwitz polynomial 2 + 1 + 2 = 0.
(2) Optimal controller design. With respect to a particular input signal, examine the quality of output response. During a limited time range, obtain the maximum function through this kind of feedback control system internal electromagnetic torque performance index, so that the process of the output signal goes through transient response to the steady-state. Adopted method called LQR (linear quadratic regulator) is linear quadratic regulator, the given controlled object with a linear state-space system. The objective function is a quadratic function. The aim of LQR design is to make the quadratic objective function get minimum value which refers to optimal state feedback controller, which is uniquely determined by weight matrices Q and R, so the choice of the R and Q is particularly important to system stability. LQR theory in modern control theory frame is a developed state space design method. Relative to traditional PID regulation mode, LQR can directly obtain the optimal linear feedback control law and easily constitute a closed-loop optimal control.
Theorem 3 (see [27] According to Theorem 3, Brunovsky normalized form can be rewritten asż = A z z + b z k, A z ∈ R × , and b z ∈ R × . Choose the quadratic index J as shown in formula (32):
According to the principle of optimal control for linear systems, the optimal control law k * = −R −1 B T z P * z is constructed, where P * is solutions of the Riccati equation:
Thus, obtaining control law k via the space mappings to , the export control law u of original nonlinear affine systems can be obtained. And the control law u makes fluctuations of electromagnetic torque kept in the smallest scope, and, under the constraints of performance index J, the physical meaning is optimal value of the original system. In the experiment, it will be seen that the optimal controller can quickly adjust the torque output value near to the state of equilibrium. Principle diagram of feedback linearization design based on AC induction motor stator flux model is shown in Figure 2 .
Stability Discussions of the Designed Controller
To prove the stability of the complex topology control systems, firstly introduce the relevant principle of small gain stability [16] .
Lemma 4 (see [17] ). The definition of input to state stability in modern nonlinear control theory is cited here [14] . For a 1 function : R → R, if there exist ∞ functions (⋅), (⋅), and (⋅), there also exists a function (⋅). They satisfied
For all ∈ R , the function called an ISS-Lyapunov function of nonlinear systems. And nonlinear system is ISS if and only if ISS-Lyapunov function existed.
Theorem 5 (small gain theorem [28]). For n-order interconnected systems with feedback, if all subsystems
1 (⋅), 2 (⋅), .
. . , (⋅) are ISS, which means for all value ≥ 0, to any input ∈ ∞ , there must exist functions as the relative responses that satisfying
where any complex subsystems ∘ +1 (⋅), = 0, 1, . . . , −1 are simple contract. That is, for all > 0, 1 ( 2 ( )) < , the whole complex systems are ISS system.
ISS Stability of the Forward Part of the Nonlinear Coiling
System. Whole control system shown in Figure 2 has been discussed in the previous passage which is bounded. For the system as shown as formula (9), it is regarded as a five-dimensional network system. Obviously, the first three equations are directly decoupled with the state variables. Therefore, the other two direct coupling variables are considered nonadditive constant value perturbations. Then, the fifth-order forward coupling system turned into two subsystems interconnected feedback system (33). Firstly, discuss the stability of the forward subsystem. And then discuss the input and output stability of the whole tandem nonlinear control system below. As one part of the whole asynchronous motor as formula (5), this forward subsystem can be seen as a three-order system with inputs of -and -axis stator current and with state variables of rotor flux:
The equilibrium stability of this subsystem is analyzed as below. When the stator current of -axis 5 ̸ = 0, solve the subsystem and obtain the equilibrium as 
where = (
. Set secular equitation of Jacobian matrix at the equilibrium which is
The obtained Eigen values are
According to the Routh criterion, necessary and sufficient condition of the stable subsystem is 1 , 2 > 0, 1 2 − 3 > 0. While the motor is running, > 0. Set Δ = 2 − 4 ; then the stabilization of the subsystem is as follows. ; Eigen values are coincident and not positive. So the subsystem is stable too. When Δ < 0, there is no Eigen value of the subsystem. The relevant physical explanations are that there might be certain over load on the motor rotor torque induced by insufficient power supply, and the motor is just in a braking process that the speed response appears as phenomenon of saddle node and bifurcation. As shown in Figure 3 , the induction currents in and directions are not stable in this special case. As shown in Figure 3 , due to insufficient power supply for impact load, the amplitude of orthorhombic current has fallen down to the ground level. Although the different direction flux was still keeping operation of AC motor, unstable coiling torque might be inevitable, unless an instantaneous implement was given in the input of stator. The theory analysis has practical significance for the asynchronous motor which is applied in some special occasions to avoid unnecessary malfunction. In addition, it should be noted that, under the -axis and -axis currents control, open-loop controlled motor is always stable when the rotor is unloaded.
ISS Stability of the Other Part of the Nonlinear Coiling
System in the Whole Tandem System. When the inducted control law obtained by EFL algorithm is put into the whole process, it is equivalent to the original system as shown in formula (9) series with the new control subsystem, as shown in Figure 4 .
Φ(z,k) = − ( )/ ( ) + (1/ ( ))k is calculated law by the method of differential geometry described above. Based on the conclusion of ISS feedback a system is in parallel that z is a homeomorphism of x.ẋ = f(x, u) can be seen as the forward channel of EFL algorithm and optimal performance computing has not change the original spatial variables which are bounded norm. So following discussion of the ISS character of the tandem input-output system can be reasonably proved.
If a single subsystem is ISS, let systemẋ = f(x, u) have ISS dual function { (⋅), (⋅)} and let control law of system Φ(z, k) have ISS dual function { (⋅), (⋅)}. Define function 
Let interconnected function ( , ) = ( ) + V( ); then
Obviously, ( , ) ISS-Lyapunov function is a tandem system. To the given system illustrated in Figure 4 according to the ISS stability theory, it is an ISS system:
Finally, discuss the stability analysis of the tandem style system. Because the ISS characteristic of interconnected system depends on both the two subsystems, in this case, it is primary to research how the voltage input influences the subsystem stability. In formula (43), coupling components exist underand -axis's variables, such as − 1 5 and 1 4 . Meanwhile, inverse potential −(1/ ) 1 2 and (1/ ) 1 3 From the aspect of control theory, the inverse potential can be seen as adding disturbance. And coupling quantities are independent of this inverse voltage, which can be ignored when analyzing the coupling quantities. This research mainly concerns the problem of decoupling control of the coupling voltage and flux model, as shown in one of the tandem subsystems below:
There are two inputs and two outputs in this subsystem, stability of which should be discussed in details by linear control theory. For simplifying this model, transfer it to complex number plane. Definition of motor current and voltage under the synchronous coordinate system is
10 Discrete Dynamics in Nature and Society Substitute to formula (44); get the vector from voltage equation of asynchronous motor as
Then, in the complex plane, this system can be seen as a SISO system. For research, its stability solves this subsystem for acquisition of zeros/poles distribution. With adoption of the nonlinear control law, the current response performance is inevitably influenced by the high-speed coupling voltage in motor winding. In the tandem structure as shown in Figure 4 , the transfer function of close loop negative feedback subsystem is *
There are two poles and one zero in this control system. When the output speed 1 = 0, both poles and zero are located on the negative real axis. So voltages of -and -axis have no couples. With increasing of the speed, the poles are gradually close to imaginary axis. Although the two poles are not conjugate to each other, the subsystem is always in stable state. According to formulas (44) and (47), the relationship between stator voltage and current is
Let ISS-Lyapunov function of this subsystem be
; by calculating the derivative, we havė
For all 0 < < 1, satisfy
(1 − ) ,
So we can obtain ( ) = ( ) = (1/2) 2 . When the norms of state variables in continuous time domain satisfy the condition:
To all ≥ 0, we have
Conform to formula (35) in Theorem 5 and the upper part of the interconnected system (43) is input subsystem stable state. And then in the lower feedback half interconnected in molecular systems, an appropriate function can be designed to get̂1,̂2,̂3,̂4,̂2 .
Finally, checking the small gain condition, to all > 0, the entire parallel complex system is satisfied to ISS condition. So get 5 (̂4 ) = 2 / 2 (1 − ) 2 < and | | > √ 2. The parallel system is ISS system. In summary, the system shown in Figure 2 is a tandem which includes interconnected ISS systems, which lies before the new system in Figure 3 as an ISS feedback channel in the entire map. So the whole system with exact feedback linearization controller is an ISS system. Obviously, in the double loops speed regulation system, the current control loop is equal to one-order inertial element. So the element can be designed as an integrator. Because poles of the close loop negative feedback subsystem are real number, the current regulators can realize dynamical decoupling currents, as shown in Figure 5 .
As shown in Figure 5 , comparing to Figure 3 , an instantaneous implement regulation, which was stimulated by the EFL algorithm, was given for the whole interconnected system. Though the vector controller is formally complicated nonlinear model, in respect to common PI controller, additional crossing decoupling factor is included. However, the expression of the control law is too confused to clarify physical significance; the dynamic current control effect displayed in rotor speed response is still swift and fine.
Simulation and Experiment

Simulation Research for the Electrical System of AC
Coiler. For test availability of the exact feedback linearization approach, a simulation research is made before experiment on physical entities. In this simulation under the stator reference frame test, the physical and simulation parameters for coiling asynchronous motor are specified in Table 1 . The braking chopper, the diode rectifier, the inverter switches parameters, and relevant bus and speed controller parameters are specified in Table 2 .
According to formulas (29) and (31), the feedback tracking controller contains the nonlinear control law which is obtained above, a simulation test was made to verify the validity of the theoretical design. Set specified output signal and the initial value as Simulation results show that, while the initial per unit value is large, under the action of the nonlinear control law u, the output of the system signal " act " can track the reference signal " ref " after a brief adjustment process. And through this input-to-output linearization method, the decoupling effect of two output variables is realized.
Substitute all the parameters of Tables 1 and 2 into the models of the coiler as formulas (1)∼ (8) . As shown in Figure 7 , through the mechanical torque which have disturbance, simulation results indicated that the input control law obtained from EFL algorithm is characterized by a new complex nonlinear form, which made the current and magnetic flux in the stator change with the stator voltage synchronization more stable than PID algorithm, under the orthogonal rotating coordinates.
The simulation results show that the tension fluctuation is about 10% by the conventional PID algorithm control, which is bigger than by EFL algorithm. The nonlinear optimal control law after linearization system can make the constant tension control effect is greatly improved that the fluctuation of the tension can be controlled within 3%. It fully meets the needs of actual production procedures.
Experiment for Application of This New Nonlinear Controller in AC Coiler
System. Based on the simulation result, an experiment for testing the performance of this new nonlinear controller in AC coiler system was carried out. With the assistance of our state key laboratory of plate rolling, the experiments on the reversing mill and coiling control system were initially completed. And the nonlinear drive system containing EFL controller is developed and designed. Hardware configuration of the strip coiling tension control system includes PLC, host computer, photoelectric encoder, the driving device and AC speed regulating device. The corresponding software of the control system can not only meet the needs of practical production but also have friendly human-machine interface (HMI). The core of the hot rolling control system hardware configuration is shown in Figure 8 .
The main parameters of hot rolling coiler AC speed regulating system are as shown in Table 3 .
Control system hardware contains the SIMATIC S7-1200 programmable controller of German SIEMENS Company (Inside Profibus), including special coiling software 6dd1843-1843-0AA1 and standard software package SPW420. The package can be installed on a Windows system and used combining with software STEP7. It is specially designed for DC/AC drive option. The configuration and control algorithm of each production line is easily specified in the host computer.
Constant tension control test is carried out under a certain background that a production line of actual hot rolling department fixed the frame parameters of the actual coiler equipment, which has three roll-type hydraulic coilers. The coiling temperature range is 400∼750 ∘ C. Strip thickness range is 1.0∼12.0 mm. Strip width range is 700∼1300 mm. The largest volume weight is 23 tons. The maximum coiling speed is 900 m/min. The diameter of finished steel coil range is 1200∼2000 mm.
Reduction ratio of gear box to the main motor drive system is 2.0 to 1.0. Drum diameter is the maximum size of 770 mm, regular contraction size of 730 mm, and accident contraction size of 722 mm. The forging products' material is heat-resistant stainless steel. Lubrication style belongs to thin oil lubrication (gear box) and concentrated dry lubrication (the remaining parts). Set the simulation time = 3 s; its simulation parameters are as follows: the rated power of main motor = 1000 (kVA), rated frequency = 50 (Hz), = 0.251 (H), = 0.0067 (H), = 0.0067 (H), = 1.426, = 1.324, = 0.1 (kg⋅m 2 ), and the number of electrodes = 2. Experimental results from EFL tracking control algorithm compared to PID control method are shown in Figure 10 .
This experiment can test the cases where there are sudden increase and decrease loads on coiler. Parameters of the motor are the same to last step. The experiment results are shown in Figure 9 . Figure 9 (a) displays the preset torque reference; and Figure 9 (b) is contrast of load torque outputs on the rotor under controls of common PID and EFL.
As it is shown in Figure 10 , according to the results of the tracking control to asynchronous motor, through an optimistic EFL feedback controller, the output of the mechanical torque to the preset reference load torque tracking effect is smoother than PID controller, and the tension deviation is restricted to less than 3%. Electromagnetic torque only had slightly shock during startup process, after the sharp reduction at the moments of 0.5 s, 1.5 s; and sudden increment at the moments of 1 s, 2 s. With stable effect of the controller, the whole drive system always can quickly track the reference signal. So the system's dynamic performance is good, and overshoot is small too.
Under the same technical conditions, it is clarified shown in comparison Figure 10 (b) that responses to dynamically impact load at the moments of biting steel; EFL controller can stabilize fluctuations much better than traditional PID controller. By the faster recognition of nonlinear shocks, the accelerations/decelerations were effectively restricted. The average rotational speed bias was decreased from 0.5% to 0.1%, which improved the strip yield rate by 5% and reduced the one set of loop bearers and saved much equipment investment.
Conclusion
In this paper, a new type of dynamic constant tension controller has been proposed for AC motor implemented control of hot rolled plant, and stability of new coiler system with the controller has been proved in theory. The results showed that, for affine nonlinear MIMO system, linearization by EFL algorithm can be realized precisely, as well as for the stator current output dynamic decoupling. This paper gives the detailed theoretical derivation and the process of proof of input to state stability, combined with the actual problems in control engineering. For similar high order controller of complex system design and stability analysis, the idea that application of small gain theorem tried to decompose the stability problem of a whole affine nonlinear system into several connected blocks is an effective approach. Experimental results show that the nonlinear controller realizes the fast track of rotating torque output. When impact load has randomly wide range of changes, the nonlinear control law of asynchronous motor control effect is always good; the speed fluctuation is small, the whole system running smoothly. Despite the fact that the control law appears complex nonlinear characteristics, for similar nonlinear mechanical and electrical system to the hot rolling coiler, application of this controller design method can realize high precision speed control of the output signal.
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